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Conjugation in S. pombe: identification of a microtubule-organising
centre, a requirement for microtubules and a role for Mad2
Janni Petersen*, Molly J. Heitz† and Iain M. Hagan†
During the G1 phase of the cell cycle, cells of the fission
yeast Schizosaccharomyces pombe can be induced to
mate by nitrogen starvation and the presence of mating
pheromones. Polarised growth towards cells of the
opposite mating type (P or M) leads to the formation of
a projection tip and, upon contact, localised cell wall
degradation results in conjugation and cell fusion [1].
Here, we have investigated the role of microtubules in
this process. We describe a previously unidentified
microtubule-organising centre (MTOC) that forms at
projection tips upon cell-to-cell contact, before cells
fuse. Treatment of mating cells with the microtubule-
destabilising drug thiabendazole (TBZ) showed that
microtubule integrity was required for mating at two
distinct stages: during projection tip formation and cell
fusion. Projection tip formation requires filamentous (F)
actin function [2] and microtubules are required for the
localisation of F actin to the projection tip. We also
identify a role during mating for Mad2 — a mitotic
checkpoint protein that is required in all eukaryotes to
maintain the mitotic state in response to microtubule
depolymerisation [3]. S. pombe mad2 mutant cells were
compromised in their ability to mate upon removal of
TBZ, indicating that in fission yeast, in the absence of
microtubules, Mad2 is also required to maintain mating
competence.
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Results and discussion
The microtubule cytoskeleton of mating cells
We observed that, before projection tip formation in S.
pombe, microtubules extended along the long axis of the cell
and ended at different points under the cell tips (Figure
1a,b, arrowhead). Following association with a mating
partner, this distribution changed as the microtubules met
at a distinct point at the projection tips (Figure 1a,b) whilst
a few microtubules extended from the spindle pole body
(SPB) — an MTOC that organises nuclear and cytoplasmic
microtubules (Figure 1a, arrow). To determine whether the
convergence of microtubules at the projection tip was due
to microtubule nucleation by a specific MTOC or to micro-
tubule capture, microtubules were transiently depoly-
merised. Microtubule regrowth from the tip would indicate
nucleation rather than capture. To enrich for cells at the rel-
evant stage of mating, this analysis was performed with
h90 fus1.B20 cells, which halt sexual differentiation after
cell-to-cell contact and agglutination but before cell wall
fusion [4]. The microtubule cytoskeleton of blocked
Figure 1
An MTOC is located at the touching projection tips of mating cells. 
(a,b) Wild-type h90 cells and (c–e) h90 fus1.B20 cells; the same cells
were both stained for (a,c) microtubules or (d) the SPB marker Sad1
and (b,e) viewed under phase contrast after staining with the DNA dye
4,6-diamidino-2-phenylindole (DAPI). The microtubules of 
(f,g) h90 fus1.B20 and (h,i) h90 ∆fus1 cdc10.v50 cells were
depolymerised and then repolymerised and the same cells were both
stained for (f) microtubules (red) and Sad1 (yellow) or (h) microtubules
(red) and γ tubulin (yellow) and (g,i) viewed under phase contrast after
staining with DAPI. The mating wild-type cells stained with DAPI and
viewed under phase contrast in (l,o,r) are also viewed after staining for
(j) α tubulin, (k,m,p) γ tubulin and (n,q) Sad1. Arrows indicate spindle
pole bodies; arrowheads indicate projection tips. Cells were cultured as
described [2]; indirect immunofluorescence was carried out as
described [8] using 3.7% formaldehyde either (a–l) with or (m–r)
without 0.2% glutaraldehyde. Microtubules and Sad1 were stained
according to [8] and γ tubulin with IH2. The bars are 5 µm.
(a) (c) (f) (g) (p)
(r)
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h90 fus1.B20 cells was indistinguishable from that of wild-
type cells at the same stage of conjugation (compare
Figure 1a,b to Figure 1c–e). The microtubules of
h90 fus1.B20 cells that had been starved of nitrogen for
5 hours to induce a mating response were depolymerised by
incubation at 0°C (all microtubules disappeared, data not
shown). Within 2.5 minutes of warming the culture from
0°C to 30°C, cytoplasmic microtubules extended from the
SPB and a point at or near the projection tip (Figure 1f,g).
The two nucleation sites were particularly clear in the larger
cells of a temperature-sensitive h90 ∆fus1 cdc10.v50 mutant
held at the restrictive temperature (Figure 1h,i), which are
arrested at a point in G1 before the commitment to the
mitotic or meiotic cycle [5,6]. In conjugating cells, γ tubulin
— a universal component of MTOCs in fission yeast [7] —
localised to both the SPB and the microtubule-associated
region in the projection tip (Figure 1h,i), again indicating
that the point at which microtubules met at the projection
tip was an MTOC. Staining of wild-type h90 cells that were
mating showed that, whereas γ tubulin was found at both
the projection tip and the SPB (Figure 1k,m,p), the SPB
component Sad1 [8] (Figure 1n,q) was restricted to the
SPB. The changes in the microtubule cytoskeleton that
accompany mating are summarised in Figure 2. 
Regions containing γ tubulin were seen at the projection
tips in 20% of the touching mating pairs, but never seen in
single unpaired cells or zygotes, indicating that MTOC
formation is a transient event that occurs some time after
cell-to-cell contact. This in turn suggests that MTOC for-
mation requires previous cell contact. To test this possibil-
ity we used an h90 mam2 strain [9]; as h90 cells regularly
switch mating type, deletion of their mam2+ gene —
which encodes the pheromone receptor specific for M
cells [10] — gives a population containing P cells that
attempt to mate and form projection tips and M cells that
are unable to respond. The cells are therefore unable
either to form mating pairs or to fuse. In h90 mam2 cells, γ
tubulin was not seen at the tips of cells of either mating
type (data not shown) confirming that MTOC formation
required contact with a mating partner.
Microtubules are required for both projection tip formation
and cell fusion
We next determined the effect of depolymerising micro-
tubules in mating cells by treating then with TBZ. Wild-
type cells respond to nitrogen starvation by executing one or
two divisions before mating. This complicates interpretation
of drug treatment of an asynchronous mating population
because the majority of cells would arrest in the mitosis
before conjugation. To circumvent this problem, we used
the temperature-sensitive h90 cdc10.v50 mutant [6]; we syn-
chronised cells by transferring them to the restrictive tem-
perature, which arrested them in the G1 phase, so that we
could induce rapid and synchronous mating by nitrogen
starvation [2]. Any consequence of TBZ treatment thus
reflects effects on the mating process and not on the preced-
ing mitosis. Conjugation in the presence of 100 µg/ml TBZ
was slower than in the absence of the drug (Figure 3a). The
morphology of some zygotes was significantly affected and
microtubules were generally short and restricted to the
region around the nucleus (Figure 4a–d). Some cells had a
central projection tip into which microtubules extended
(Figure 4c,d). Fusion of these cells produced H-shaped
zygotes (Figure 4e) or T-shaped zygotes: 21% and 5% of
zygotes had these abnormal morphologies when incubated
in 100 µg/ml and 50 µg/ml TBZ, respectively.
Addition of 300 µg/ml TBZ at different times (Figure 3b)
blocked different aspects of mating: projection tip forma-
tion was inhibited when it was added concomitant with
nitrogen starvation (Figure 4g), whereas cell fusion was
blocked in touching prezygotes when it was added
2.5 hours after nitrogen starvation (Figure 4h); untreated
cells fused normally (Figure 4f). At the 2.5 hour time point
in the absence of TBZ, 41% of mating pairs had not yet
fused, but after an additional hour of starvation all pairs
were fused. In contrast, when 300 µg/ml TBZ was added
2.5 hours after nitrogen starvation, 1 hour later 30% of the
mating pairs had not yet fused (Figure 4h). Thus, micro-
tubules are required at a point after the formation of
mating pairs but before mating cells fuse. The late
requirement for microtubules in cell fusion might be
linked to the appearance of the MTOC associated with
the projection tip. The MTOC, with its associated micro-
tubules, could play a key role in the regulation of fusion
by forming when a mating partner is present and directing
vesicles and/or molecules required for fusion, such as
Fus1, to the tip [11].
As F actin is always associated with growing tips during
both vegetative growth and projection tip formation
[2,12] it was possible that the inhibition of projection tip
formation by TBZ was due to perturbation of the F-actin
cytoskeleton. In order to determine if this was the case,
F actin in TBZ-treated cells was visualised using rho-
damine–phalloidin. Hourly monitoring of cells incubated
for up to 6 hours in 300 µg/ml TBZ showed that patches
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Figure 2
The S. pombe microtubule cytoskeleton during mating. Microtubules
(lines), chromatin (grey) and regions containing γ tubulin (MTOCs;
dots) are shown.
Meiosis
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of F actin were not associated with the cell tips as they
normally are; rather, ‘dots’ of F actin staining could be
seen evenly distributed throughout the cell (Figure 4i).
Cells were then washed with and re-inoculated into drug-
free media and the actin distribution was monitored. F
actin was still delocalised 30 minutes after re-inoculation
(data not shown) despite the fact that microtubules had
repolymerised (Figure 4m,n). There was a polarised dis-
tribution of F actin to both ends of the cells 1 hour after
inoculation (Figure 4j). Depolymerising F actin in mating
pairs using latrunculin A, on the other hand, did not
disrupt MTOC localisation or microtubule distribution
(data not shown). 
This depolarisation of F actin and inhibition of projection
tip formation by microtubule disruption is consistent with
the tight spatial link between F-actin distribution and tip
growth in S. pombe [2,12]. Tip extension from an altered
site in intermediate levels of TBZ can be explained by the
presence of short microtubules in the vicinity of the
nucleus in these cells. If microtubules are responsible for
the targeting of the actin-related growth machinery to the
cortex, growth would occur near the ends of these micro-
tubules. As these microtubules are around the centrally
positioned nuclei, the projection tip would extend from the
cell centre, producing H-shaped zygotes. In contrast to
mating cells, the polarisation of actin in vegetative cells is
not affected when microtubules are depolymerised,
although the selection of the site for tip growth is altered
(reviewed in [13]). Thus, despite the apparently identical
organisation of the microtubule cytoskeleton during vege-
tative growth and at the early stages of mating before pro-
jection tip formation, there is a fundamental functional
difference between them. This difference is highlighted by
the microtubule-associated polarity marker for vegetative
cells, Tea1, which is vital for maintaining vegetative growth
polarity but is absent from mating cells [14].
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Figure 4
Treatment with of h90 cdc10.v50 cells with TBZ disrupts the distribution
of actin and microtubules. (a–e) Cells treated with 100 µg/ml TBZ. (a,c)
The microtubules of cells were stained with the anti-α-tubulin antibody
TAT1; (b,d) the same cells are shown stained with DAPI and viewed
under phase contrast. (e) H-shaped zygotes viewed under phase
contrast. (f–h) DAPI-stained cells viewed under phase contrast: (f)
untreated cells; (g) 300 µg/ml TBZ was added at the initiation of
nitrogen starvation; (h) 300 µg/ml TBZ was added 2.5 h after the
initiation of nitrogen starvation. (i,j) The actin cytoskeleton, visualised by
staining with rhodamine–phalloidin, of (i) cells exposed to 300 µg/ml
TBZ and (j) such cells 1 h after TBZ had been removed. (k,m) The
microtubule cytoskeleton, stained using TAT1, of (k) cells exposed to
300 µg/ml TBZ and (m) such cells 30 min after TBZ had been removed;
(l,n) the same cells are shown stained with DAPI and viewed under
phase contrast. Tubulin staining [8] and actin staining [2] was
performed as described. The bars are 5 µm.
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Figure 3
Depolymerisation of microtubules reversibly
inhibits conjugation in a Mad2-dependent
manner. (a,b) The mating efficiencies of
h90 cdc10.v50 cells that had been nitrogen
starved for the indicated times, with
(a) 100 µg/ml and (b) 300 µg/ml TBZ added
at various time points after nitrogen starvation
was initiated. (c) The mating efficiencies of
h90 cdc10.v50 cells nitrogen starved as in
(a,b) with 300 µg/ml TBZ added at time point
0 and either not removed (+ TBZ 0 h) or
removed by washing at the indicated time
points. (d) The ability of cells of the indicated
strains to mate after 300 µg/ml TBZ was
added at time point 0 and removed by
washing at the indicated time points. The
proportion of cells that recovered the ability to
mate was calculated as the mating efficiency
24 h after time point 0 compared with that of
control cultures, to which no TBZ was added.
The mating efficiencies for the control cultures
were 37.5 ± 1.5, 39 ± 3 and 39.5 ± 1.5 for the
h90 cdc10.v50 ∆mad2, h90 cdc10.v50
chk1.d1 and h90 cdc10.v50 strains,
respectively. The calculations at 4, 7 and 11 h
were repeated three times (error bars
represent the standard deviations).
(a–d) Mating efficiencies were calculated as
described [4]; 500 cells were counted for
each time point. For all assays, cells were
synchronised by growing them for 4 h at
36°C, the restrictive temperature for the
cdc10.v50 mutation [2], before nitrogen
starvation. Mating assays were performed by
vigorous agitation in an air shaker in 10 ml
media in a 50 ml flask at 32°C (also restrictive
for cdc10.v50 [2]).
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Mad2 function in the maintenance of mating competence
following microtubule depolymerisation
The ability of cells to recover from TBZ treatment was
monitored by washing out the TBZ from the h90 cdc10.v50
strain induced to mate after cell cycle synchronisation by
growth at the restrictive temperature. TBZ (300 µg/ml)
was added simultaneously with the removal of nitrogen
and cells were spun, washed and resuspended in drug-free
media at different time points starting 4 hours after nitro-
gen starvation. The ability to conjugate at each time point
was restored by removing TBZ, but the efficiency of this
mating decreased over time (Figure 3c). Previous experi-
ments have shown that the addition of mating pheromone
induces projection tip formation and a transient 5 hour
arrest of cell cycle progression during the G1 phase [15].
Taken together, these results show that commitment to
sexual differentiation is reversible and that the mating
competent state is a transient state that enables mating
within a specific time window.
This ability of cell cycle synchronised cdc10.v50 cells to
conjugate after they were nitrogen starved and incubated
in TBZ for 13 hours is a considerable extension of the
mating competence window of 5 hours reported by Davey
and Nielsen [15]. Specific mechanisms might therefore
maintain mating competence in the absence of micro-
tubules. As the mitotic checkpoint protein Mad2 monitors
microtubule-mediated events during mitosis, we investi-
gated whether Mad2 might also be responsible for main-
taining mating competence in response to microtubule
depolymerisation. Cells in which the DNA damage check-
point had been disabled by deletion of the chk1+ gene [16]
were used to determine the specificity of any conse-
quences of a mad2+ deletion. The maintenance of mating
competence was measured in otherwise isogenic strains in
which mad2+ or chk1+ had been deleted [6,16,17]. Whereas
the mating competencies of h90 cdc10.v50 chk1.d1 cells and
h90 cdc10.v50 cells were restored in an identical fashion
(20% mating efficiency being restored after 13 hours in
TBZ), disruption of mad2+ considerably decreased mating
competence after 4 hours in the drug (Figure 3d). No con-
jugation above background was observed in the
h90 cdc10.v50 ∆mad2 strain after 9 hours (Figure 3d) and the
viability of this strain was identical to that of the
h90 cdc10.v50 and h90 cdc10.v50 chk1.d1 strains (data not
shown), indicating that Mad2 is required to maintain
mating competence in the absence of microtubules. 
In response to microtubule depolymerisation during
mitosis, Mad2 is required to maintain a high histone H1
kinase activity — indicative of the mitotic state [3].
Genetic data suggest that Mad2 restrains commitment to
anaphase by a direct interaction with the ubiquitin ligase
complex known as the anaphase-promoting complex/cyclo-
some (APC), which targets cyclin B for proteolysis [18]. In
the experiments we describe, commitment to the cell cycle
is blocked both by nitrogen starvation and by a mutation
in cdc10, making it unlikely that the effect of Mad2 on
mating is a consequence of its mitotic checkpoint func-
tion. The fact that disruption of Mad2 affected only the
ability to maintain mating competence and not mating
itself strongly argues for a regulatory role for Mad2
during mating. It is currently unclear, however, how this
regulatory role overlaps with the mitotic checkpoint
function of Mad2.
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